White matter microstructure is under strong genetic control, yet it is largely unknown how genetic influences change from childhood into adulthood. In one of the largest brain mapping studies ever performed, we determined whether the genetic control over white matter architecture depends on age, sex, socioeconomic status (SES), and intelligence quotient (IQ). We assessed white matter integrity voxelwise using diffusion tensor imaging at high magnetic field (4-Tesla), in 705 twins and their siblings (age range 12-29; 290 M/415 F). White matter integrity was quantified using a widely accepted measure, fractional anisotropy (FA). We fitted gene-environment interaction models pointwise, to visualize brain regions where age, sex, SES and IQ modulate heritability of fiber integrity. We hypothesized that environmental factors would start to outweigh genetic factors during late childhood and adolescence. Genetic influences were greater in adolescence versus adulthood, and greater in males than in females. Socioeconomic status significantly interacted with genes that affect fiber integrity: heritability was higher in those with higher SES. In people with above-average IQ, genetic factors explained over 80% of the observed FA variability in the thalamus, genu, posterior internal capsule, and superior corona radiata. In those with below-average IQ, however, only around 40% FA variability in the same regions was attributable to genetic factors. Genes affect fiber integrity, but their effects vary with age, sex, SES and IQ. Gene-environment interactions are vital to consider in the search for specific genetic polymorphisms that affect brain integrity and connectivity.
Introduction
Since Galton published his first book on heredity and intelligence (Galton, 1869) , a long-standing debate has raged over the relative effects of nature versus nurture in influencing human traits. This argument leads to several concrete neuroscientific questions: (1) How heritable are measures of brain structure and function? (2) Does the degree of genetic control remain static throughout life, or do environmental influences start to dominate in late childhood or the teenage years? (3) Does the genetic control of brain integrity vary in different demographic or environmental contexts?
Some known risk genes, such as the apolipoprotein E4 risk allele for Alzheimer's disease, affect the brain in an age-dependent way (Shaw et al., 2007) . Likewise, some mental illnesses may be triggered by genetic risk factors interacting with environmental stressors during a certain part of the lifespan, such as late adolescence (Gottesman and Shields, 1967) . If we identify situations where the environment modifies genetic effects, we may better understand genetic liability for illness and how to reduce it. Many brain measures are highly heritable. These include total brain volume (Posthuma et al., 2000) , regional gray and white matter volumes (Hulshoff Pol et al., 2006b) , cortical thickness (Schmitt et al., 2008; Thompson et al., 2001) , and white matter integrity measured with DTI (Chiang et al., 2009b; Pfefferbaum et al., 2001) . In functional MRI, genetic factors account for around 80% of the total variation in BOLD response during working memory tasks (Blokland et al., 2008; Karlsgodt et al., 2010; Koten et al., 2009 ). Measures of default-mode activity observed with resting-state fMRI are also highly heritable (Castellanos et al., 2010; Glahn et al., 2010) .
Some studies report age-related changes in the heritability of several traits. One orthodox view of brain plasticity proposes that environmental factors eventually start to outweigh genetic influences. IQ, however, becomes more heritable as we age (Plomin and Spinath, 2004) . In children, white but not gray matter volume heritability increases with age (Wallace et al., 2006) , perhaps because white matter volumes continue to increase until the late 40s (Bartzokis et al., 2001) . Cortical gray matter thickness also becomes more heritable with increasing age in late-maturing regions (Lenroot et al., 2009) . White matter integrity is influenced by some of the same genes as IQ (Chiang et al., 2009b ), yet no study has yet examined how its heritability changes with age.
Here we present the first study of gene-environment interactions (Martin, 2000) on white matter microstructure in a large sample of twins and their siblings (N = 705). We used diffusion tensor imaging (DTI) to quantify white matter integrity, by estimating fractional anisotropy (FA) of water diffusion throughout the brain. FA is a widely accepted index of the microstructural integrity of the white matter (Basser and Pierpaoli, 1996; Beaulieu, 2002) and correlates highly with IQ. We mapped where in the brain white matter heritability depends on age, sex, SES, and IQ, by fitting the quantitative geneenvironment interaction model (Purcell, 2002) at each point of the brain. We expected genetic influences to change with age, but with a two-sided hypothesis. The existing literature is divided on the direction of the effect. Following Turkheimer's hypothesis that adverse environments deplete the relative contribution of genetic effects (Turkheimer et al., 2003) , we expected that white matter integrity would be more heritable in those with higher SES and higher IQ. Any search for modulators of gene effects is vital for understanding mental illnesses with fluctuating genetic liability, and for understanding factors that affect brain integrity and connectivity.
Methods

Participants
Seven hundred and five twins and their non-twin siblings, including 531 healthy adults (aged 18 or older) and 174 adolescents, were recruited from 358 different families. Of the 174 adolescent subjects, 86 were aged 12 and 88 were aged 16. All subjects received high-resolution brain MRI scans and neurocognitive evaluations as part of a 5-year research project evaluating healthy Australian twins and their non-twin siblings. The projected sample size for the adult study is 1150 at completion . Subjects' demographic information and the twin/sibling composition of the families are summarized in Table 1 . As described previously (Chiang et al., 2009b) , zygosity was established objectively by typing nine independent DNA microsatellite polymorphisms (polymorphism information content N0.7), using standard polymerase chain reaction (PCR) methods and genotyping. Results were cross-checked with blood group (ABO, MNS and Rh), and phenotypic data (hair, skin and eye color), giving an overall probability of correct zygosity assignment greater than 99.99%. All subjects were screened to exclude cases of pathology known to affect brain structure, a history of significant head injury, a neurological or psychiatric illness, substance abuse or dependence, or a psychiatric disorder in any firstdegree relative.
Evaluation of psychometric intelligence and socioeconomic status
General intellectual ability was assessed at age 16 (as in (Luciano et al., 2003) ) using the Multidimensional Aptitude Battery (MAB) (Jackson, 1984) , a measure highly correlated with the Wechsler Adult Intelligence Scale. The MAB is designed for assessment of adults and adolescents aged 16 and older. In this study, we examined three verbal (information, arithmetic, and vocabulary) and two performance (spatial and object assembly) sub-tests. Each subtest gave a raw score, and verbal (VIQ), performance (PIQ), and full-scale (FIQ) intelligence quotient standardized scores were derived from these sub-tests. IQ data were available for 513 adult (age ≥18 years) subjects and in all 88 subjects of age 16, although not in subjects of age 12 (see Table 1 ).
Subjects' socioeconomic status was evaluated using the Australian Socioeconomic Index 2006 (AUSEI06; (McMillan et al., 2009) ). The socioeconomic index (SEI) is determined using a 0-100 scale based on a person's occupational category, which may be associated, to some extent, with educational level and income. In our study, SEI was assessed in the adults only, and defined as the higher SEI of their two parents. SEI data were available in 250 families, for a total of 499 subjects, and the median family SEI was 67.5 (25th percentile = 39.7; 75th percentile = 83.8).
Image processing and registration
All MR images were collected using a 4 Tesla Bruker Medspec MRI scanner (Bruker Medical, Ettingen, Germany), with a transverse electromagnetic (TEM) headcoil, at the Center for Magnetic Resonance (University of Queensland, Australia). An identical scanning protocol was used for both children and adults. In (Chiang et al., 2009b) , we reported on DTI findings in the first 92 adult twins (23 MZ and 23 same-sex DZ pairs), scanned with the protocol reported there; the current study also includes children and a greatly increased sample size sufficient to model age effects (705 versus 92 subjects in the initial report).
High angular resolution diffusion-weighted scans were acquired using single-shot echo planar imaging with a twice-refocused spin echo sequence, to reduce eddy-current induced distortions. Imaging parameters were: 21 axial slices (5 mm thick), FOV = 23 cm, TR/TE 6090/91.7 ms, 0.5 mm gap, with a 128 × 100 acquisition matrix. 30 images were acquired: 3 with no diffusion sensitization (i.e., T 2 -weighted images) and 27 diffusion-weighted images (b = 1145.7 s/ mm 2 ) with gradient directions evenly distributed on an imaginary hemisphere. The reconstruction matrix was 128 × 128, yielding a 1.8 × 1.8 mm 2 in-plane resolution. Total scan time was 3.05 minutes.
We used the FMRIB software library (FSL, http://www.fmrib.ox.ac.uk/ fsl/) for pre-processing and linear alignment of the diffusion images. For each subject, motion artifacts were corrected by linearly registering all the T 2 -weighted and diffusion-weighted images to one of the T 2 -weighted images (the "eddy_correct" command). Then the three T 2 -weighted images were averaged and stripped of nonbrain tissues to yield a binary brain extraction mask (cerebellum included), using the Brain Extraction Tool (BET; (Smith, 2002) ), IQ tests were performed only when subjects were age 16 or older, and IQ data were available in 513 adult subjects and in all 88 subjects of age 16. There was no difference in full-scale IQ between the two groups.
followed by expert manual editing, if necessary. The masked T 2 -weighted image was then registered to a standardized highresolution brain MRI template defined in the International Consortium for Brain Mapping space (ICBM) (Holmes et al., 1998 ) with a 9-parameter linear transformation using the software FLIRT (Jenkinson and Smith, 2001) . The resulting transformation parameters were used to rotationally reorient the diffusion tensors (computed from diffusion-weighted images using the "DTIFIT" command) at each voxel (Alexander et al., 2001 ). The tensor-valued images were linearly realigned based on trilinear interpolation of the log-transformed tensors (Arsigny et al., 2005) , and resampled to isotropic voxel resolution (with dimensions: 128 × 128 × 93 voxels, resolution: 1.7 × 1.7 × 1.7 mm 3 ). The FA image derived from the affine-registered DT image (Basser and Pierpaoli, 1996) was then registered to a mean FA image computed for the first 258 subjects scanned (a subset of the study sample in this paper; (Chiang et al., 2009a) ). For this alignment step, we used a validated fluid registration algorithm that maximizes the Jensen-Rényi divergence of the joint intensity histogram of the two FA images (Chiang et al., 2007) . We averaged the fluidly-registered FA images across all subjects (N = 705) and restricted subsequent data analysis to regions with average FAN 0.2, as recommended by Smith et al. (2006) , to focus our regions of interest on major white matter fiber structures. Each participant's FA map was smoothed using an isotropic Gaussian filter with full width at half maximum (FWHM) = 6 mm (Smith et al., 2006) .
Statistical analysis
In the classical twin design, genetic or environmental contributions to the observed variance in a trait are estimated by first computing the covariances of the measure (e.g., FA here) for MZ and DZ pairs (Chiang et al., 2009b; Neale et al., 1992) . In our sample, where non-twin siblings are also included, we adopted the extended twin design (Lenroot et al., 2009; Posthuma et al., 2000) where the covariance matrix of FA was modeled for each family based on known genetic similarity between relatives. We then modeled the observed variation of FA using a standard structural equation model, widely used in twin studies. This partitions the observed variance into components due to additive genetic factors (A), shared environment (C) and unique environment (E), or into components due to additive genetic factors (A), genetic dominance (D), and unique environmental factors (E). The parameters of these structural equation models were estimated using a maximum likelihood scheme to maximize their fit (Neale et al., 1992) . The extended twin design increases the power to detect genetic effect by combining information from twins and their non-twin siblings. It is also more flexible than traditional twin designs, as it allows samples with extended families where various degrees of kinship exist (van Leeuwen et al., 2008) .
We started by fitting the full models involving three variance components-the ACE and the ADE models-to the observed covariance of FA at each voxel. Neither the genetic dominance term (D component) nor the shared environment term (C component) had a significant fit after correcting for multiple comparisons across voxels using the false discovery rate method (FDR; see below). Therefore, we only included the additive genetic (A) and unique environmental (E) components in subsequent analyses to increase the power for detecting genetic influences on FA.
We then evaluated the effects of a moderator variable (denoted by M; e.g., age) on heritability of FA by adding linear interaction terms with respect to M to the variance components models (Purcell, 2002) . Adding this to the extended twin design above, we may express the expected FA value at each voxel for subject j in family i (y ij ) as:
Here M ij is the value of the moderator for that subject, and x ij is a vector of nuisance covariates. β M and vector β N are the corresponding regression coefficients. The covariance matrix of FA for family i, denoted by Ф i , may be written in terms of the different sources of variance:
Here a is the path coefficient, or relative contribution, of additive genetic factors to the variation of FA in the absence of moderator M, and e is the relative contribution from environmental factors that are unique for each individual. α = 1 when siblings j and k are MZ pairs, and 0.5 when they are DZ pairs, a co-twin and a non-twin sibling, or two non-twin siblings. Fig. 1 shows the path diagram for the above model. We assumed that the modulatory effects on these path coefficients are linear, where β a and β e respectively indicate the effect of moderator M on additive genetic and unique environmental variance components. The unique environmental variance (e + β e M ij ) 2 also includes random noise or experimental measurement errors. The above moderator model was fitted using the maximum-likelihood method (Posthuma et al., 2000) . The modulatory effect of M detected above may be biased by the correlation between genetic components that affect moderator M and that affect white matter integrity, if M is simply estimated by fitting the covariance matrix of FA under different values of M. This is why we included the β M term, or the main effect of the moderator, in the regression equation to eliminate this confounding effect, such that any genetic correlation between moderator M and white matter Fig. 1 . The path diagram for the "genetics plus moderator" model for an example family-in this case, with three siblings. Each sibling's phenotypic measure (e.g., FA in this study) is assumed to be determined by an additive genetic component (A), and an environmental component unique for each individual (denoted by E). Random noise, or experimental measurement error, is also included in the E component. Correlations between the genetic factors between siblings are indicated by double arrows. α ij indicates the correlation coefficient, and is equal to 1 when siblings i and j are monozygotic pairs, and 0.5 when they are dizygotic pairs, a co-twin and a non-twin sibling, or two non-twin siblings. E components are assumed to be independent between siblings (no correlation). Interactions between genes and some specific demographic or environmental measure are modeled by including a moderator variable (denoted by M), e.g., age. Here, the contribution of component A or E to the phenotype, weighted by its path coefficient a or e, is assumed to be modified by the linear effect of moderator M, with the value of M in sibling i denoted by M i . We also modeled the mean value of the phenotype, with a constant 1 (indicated by the triangles), modulated by the effects of the grand mean of the phenotype (μ), the nuisance covariates (x), and the moderator (the main effect of the moderator). Here variable x and its regression coefficient β N are bold-faced to denote vectors that allow more than one nuisance covariate. Modeling the means helps to remove the bias due to a possible correlation between siblings' phenotype and the moderator (Purcell, 2002) , as we are more interested in the effect of the moderator on the genetic (A) and the environmental (E) influences. For simplification, all path coefficients, (a and e, and β a , β e , β N , and β M ) are assumed to be the same between siblings.
FA was appropriately de-trended (Purcell, 2002) . On the other hand, estimating the main effect of M in the context of the moderator model may also help to more accurately evaluate the association between FA and M, as the influences of M on the variances in FA are considered simultaneously. We displayed the main effect of M by the marginal percentage difference of FA caused by the main effect of M, given by [β M · (difference in values of M)] / (mean FA across the entire sample).
As is standard, the significance of the model parameters was determined based on the difference between the log-likelihood of the full model that included all the parameters and the restricted model where the parameters to be tested were excluded, denoted by logL f for the full model and logL r for the restricted model. Minus two times this difference, or −2(logL r − logL f ), is asymptotically distributed approximately as a chi-squared distribution with degrees of freedom equal to the difference in the number of parameters between the two models (Cardon and Abecasis, 2000; Marlow et al., 2003) .
We compared the difference in heritability of white matter integrity between adolescents (age b18 years) vs. adults (age ≥18 years), males vs. females, and between the lower IQ group (FIQb 114, which is the mean value of all the subjects whose IQ data were available) vs. the higher IQ group (FIQ≥ 114) by setting the values of the moderator (age, sex, FIQ) to 1 for one group and 0 for the other group in the above moderator models. Subjects' SEI was treated as a continuous moderator. Heritability of FA, which is the percentage of FA variability accounted for by genetic influences, for subject j in family i then depends on the value of moderator M ij :
When the value of M ij is dichotomized to take values of 0 or 1, the heritability of FA becomes:
; when M ij = 0;
; when M ij = 1:
Note that the moderator model allows siblings in the same family to belong to different moderator groups, e.g., the sex of one co-twin may be different from that of the other co-twin or siblings, so long as each individual is assigned an appropriate moderator value (e.g., 0 for male and 1 for female). We also note that h 0 2 and h 1 2 may differ merely due to heteroscedasticity, i.e., differences in variance of FA, between the two moderator groups, without any genuine genetic × moderator interaction (Boomsma et al., 1999; Purcell, 2002; Turkheimer et al., 2003) . Therefore, we considered the heritability of FA to be different only when β a was significantly different from zero, while other parameters, especially β e , were freely varied and estimated. This guaranteed that difference in estimated heritability between the two moderator groups was attributable to genetic effects, while heteroscedasticity was modeled in the unique variances as the difference between e 2 and (e + β e ) 2 .
All statistical maps in this paper were further assessed using the false discovery rate method (FDR; (Benjamini and Hochberg, 1995) ) to correct for multiple comparisons. FDR is now a standard approach in neuroimaging, and is defined as the expected proportion of false positive findings out of all rejected tests. As is conventional in brain mapping studies, statistical maps with an FDR value below 5% were considered to reach overall significance, which means that no more than 5% of the voxels declared as significant are likely to be false positive findings. In this paper, only voxels that pass the FDR ≤ 0.05 threshold are displayed.
Results
White matter integrity and heritability as a function of age, sex, and socioeconomic status Fig. 2 shows that between adolescence and adulthood, fiber organization and coherence, measured by FA, increased by up to 10% in most of the white matter (subjects' age was treated as a categorical variable; inter-subject differences in FA were also adjusted for sex). We also detected significant age × heritability interaction. White matter integrity in the left inferior and middle frontal gyri, the splenium of the corpus callosum on the left, and the right inferior longitudinal fasciculus (ILF)/inferior fronto-occipital fasciculus (IFO), was significantly more heritable in the adolescents than adults. In adolescents, around 70-80% of the variation in FA was attributable to genetic factors, although in adults, only 30-40% of the variation in FA was attributable to genetic factors. Fig. 3 shows regional differences in white matter integrity between male and female subjects. After adjusting for age as a nuisance covariate, male subjects had higher FA in the frontal white matter bilaterally, in the splenium of the corpus callosum, and in the optic radiations bilaterally (more on the left). White matter FA was higher in females in the middle and superior occipital gyri that are parts of the dorsal stream of the visual pathways. Even so, there are small regions where genetic influence was higher in males and accounted for around 80% of the variation in FA. Among these regions were the genu and splenium of the corpus callosum, the external capsule and posterior limbs of the internal capsule, and the superior fronto-occipital fasciculus bilaterally.
We found no significant associations between the adult subjects' socioeconomic status, measured by SEI, and the value of white matter FA. However, socioeconomic status significantly interacted with genes that affect white matter integrity, after adjusting for subjects' age and sex. Fig. 4 shows that higher socioeconomic status was associated with higher heritability of FA in the thalamus (which was included in the regions where FA N 0.2), the middle temporal gyrus on the left, and the callosal splenium, although in some smaller regions in the anterior corona radiata, heritability in FA was higher in subjects with lower socioeconomic status.
Mapping the linkage between heritability and intellectual performance IQ data were available in 601 subjects (513 adults and all 88 subjects of age 16). FIQ score was higher in the males, however the difference was slight (male: 116.6 ± 12.8, female: 112.3 ± 11.9, P = 2.8 × 10 -5
). FIQ was also associated with a higher socioeconomic index (adult subjects only; Pearson correlation r = 0.21, P = 5 × 10 -5 ).
There was no significant correlation between subjects' age and their FIQ score. To study variations in white matter heritability with respect to intellectual performance, we divided the subjects into a higher IQ group (FIQ ≥ 114; n = 327) and a lower IQ group (FIQ b 114; n = 274). We did not split these groups at 100, as the twins had an average IQ well above 100. The higher IQ group had a slightly younger age (though the difference was only trend-level; higher IQ group: 22.3 ± 3.4, lower IQ group: 22.8 ± 3.3, P = 0.06), a greater proportion of males (higher IQ group: 153 M/174 F, 46.8% of the subjects were males; lower IQ group: 92 M/182 F, 33.6% were males; P = 0.001), and higher socioeconomic status (adult subjects only; SEI: 65.3 ± 22.9 for the higher IQ group, 57.8 ± 24.0 for the lower IQ group, P b 0.001). By including subjects' age, sex, and SEI (adult subjects) as covariates, we found that higher intellectual performance was associated with higher white matter heritability, especially in the corticobulbar and corticospinal tracts. Fig. 5 shows this-in the higher FIQ group, more than 80% of FA variability was genetically determined, compared to around 40% in the lower IQ group, in the thalamus, the genu and posterior limbs of the internal capsule, and the superior corona radiata. FA was not different between the two IQ groups when the FIQ score was modeled as the main effect.
Discussion
We found moderate but significant modulatory effects of age, sex, intellectual performance (measured by FIQ), and socioeconomic status (SES), on the heritability of white matter integrity measured by FA. Higher white matter heritability was associated with younger age (adolescents), male sex, higher FIQ, and higher socioeconomic status. We did not expect the modulatory effects of age, sex, IQ, or SES on the heritability of FA to be strong everywhere in the white matter, and it would be surprising if they were detectable in the majority of white matter-interaction effects are notoriously hard to detect as they are a second-order (indirect) effect. To avoid false positives in the interaction maps, we deliberately enforced a very stringent criterion to define the significance in differences in heritability between two comparison groups, to avoid any spurious effects that could arise from possible heteroscedasticity in FA. As such, only a few regions show detectable interaction effects, with modest but robust interaction effects for age, sex, and socioeconomic status. Fig. 6 summarizes the modulatory effects of these demographic factors in one representative slice, showing that each individual factor may affect genetic influence preferentially in specific brain regions.
In most white matter regions, FA in adults was up to 10% greater than that in adolescents. This agrees with prior findings that white matter FA increases with age until the early 30s (Hasan et al., 2009; Kochunov et al., in press ). On the other hand, heritability of white matter integrity in the left frontal lobe, the callosal splenium, and the right inferior longitudinal fasciculus decreased as subjects aged. This may indicate that environmental influences, e.g., learning, education, life experiences, diet, and exercise, start to dominate and increasingly determine brain fiber networks as one matures into adulthood. To our knowledge, our study is the first to investigate changes in the heritability of white matter integrity from adolescence to adulthood. Our sample does not include subjects in early childhood so we cannot determine whether heritability decreases from early childhood or peaks in adolescence before it decreases-the latter appears to be the case for the heritability of cortical thickness (Lenroot et al., 2009) . Fig. 2 . Changes in white matter integrity during brain development. These maps show the percentage differences in FA (the main effect of age, adjusted for sex differences) and the proportion of genetic contributions to the overall variance in FA (heritability) between the adult (n = 531) and adolescent (n = 174) groups. Differences in heritability (age × heritability interaction) between the two groups are compared in the same slices. Colored regions indicate voxels that survive the threshold that controls the overall false discovery rate at 5%. The Montreal Neurological Institute (MNI) coordinate (expressed in mm) for each of the slices is indicated, in each column. Adult subjects had higher white matter integrity, measured by FA, than the adolescents in most white matter regions. However, in the left inferior and middle frontal gyri, the adolescent subjects had up to 10% higher FA than the adults. Genetic influences on FA in this area, along with the splenium of the corpus callosum on the left, and the right inferior longitudinal fasciculus (ILF)/ inferior fronto-occipital fasciculus (IFO), were significantly higher in the adolescents, where around 70-80% of the variation in FA for the adolescents, while only 30-40% of the variation in FA for the adults, was attributable to genetic factors. Abbreviation-R: right.
The effect size for the observed interaction between age and genetic effects on white matter integrity is somewhat smaller than that reported previously for cortical thickness (Lenroot et al., 2009 ). This may be because our sample includes three age categories (ages 12, 16, and adults) and not a continuous sampling of age. Therefore, we may have been less sensitive to differences in FA heritability between adolescence and adulthood because of (1) insufficient sampling of the youngest age group, and (2) we had to adopt a more stringent criterion for which differences in heritability between the two groups were significant only when β a was not zero, to avoid the bias from possible heteroscedasticity in FA between adolescents and adults.
We also found that males had a higher FA than females in the frontal white matter and the callosal splenium. This agrees with prior studies (Kochunov et al., in press ). FA in most frontal white matter regions is reported to be higher in boys than girls aged 5-18 (Schmithorst et al., 2008) . Moreover, in young adults, men have higher relative anisotropy in the genu and the posterior corpus callosum (Westerhausen et al., 2004) . Interestingly, we also found higher FA in females versus males in the middle and superior occipital white matter. Higher white matter integrity in these regions may be related to better visuospatial ability (Chiang et al., 2009b) , but if that is true, our results would seem to contradict the orthodox view that men have marginally better visuospatial function than women, on average (Kimura, 1999; Neisser et al., 1996) . Nevertheless, some researchers attributed this difference to the use of different visual cues by men and women to solve spatial problems, and women outperformed men in some spatial tasks, such as object location (Jones and Healy, 2006; Montello et al., 1999) . The significant gene-sex interaction found in the corpus callosum, the external and the internal capsule, and the superior fronto-occipital fasciculus provides the first imaging evidence that sex differences may modify genetic influences on brain structure. Sex may be regarded in some respects as a microenvironmental factor modifying the brain, in part, via hormonal effectstestosterone, for example, affects gene expression in avian brains (Absil et al., 2003) . In humans, androgen treatment in female-tomale transsexuals tends to increase the total brain and hippocampal volumes (Hulshoff Pol et al., 2006a) . On the other hand, sexual dimorphism in white matter integrity could be attributed to differential magnitude of gene-trait linkages between men and women, as was reported for other human traits in a genome-wide linkage study (Weiss et al., 2006) .
Socioeconomic status (SES) also affected the relative degree of genetic control over white matter integrity. Previous studies found that SES influences brain structure and function. Children from families with higher SES intellectually outperformed those with lower SES, especially in language and executive tasks (Hackman and Farah, 2009) . Lower SES was associated with lower gray matter volume in the cingulate cortex, measured using voxel-based morphometry (VBM; (Gianaros et al., 2007) ). In a mouse study, mRNA levels of Fig. 3 . Sex differences in white matter microstructure. These maps demonstrate regional differences in the values (main effect of sex) and heritability (modulatory effect of sex) in FA between male and female subjects. Males had higher FA (adjusted for age) in frontal white matter bilaterally, the splenium of the corpus callosum and the optic radiation bilaterally (more on the left) (MNI z coordinate = 1 mm). Females had higher FA in the middle and superior occipital gyri (z = 13 and 24). Showing evidence for a sex × heritability interaction, genetic influences were much higher in males and accounted for around 80% of the observed variation in FA in the external capsule and the genu and splenium of the corpus callosum (z = 1), the posterior limbs of the internal capsule (z = 13), and the superior fronto-occipital fasciculus, bilaterally (z = 24).
genes involved in neuronal growth were up-regulated when mice were exposed to an enriched learning environment (Rampon et al., 2000) . Nonetheless, the causal mechanisms for our findings are unclear. One possible explanation is based on the linkage between SES and IQ. Given that IQ and white matter FA were influenced by an overlapping set of genes (Chiang et al., 2009b) , and higher SEI was associated with higher heritability of IQ (Turkheimer et al., 2003) , it Fig. 4 . Interactions between socioeconomic status and genetic components that affect white matter integrity. Socioeconomic status was evaluated using the socioeconomic index (SEI, range = 0-100). To show the contrast in FA heritability between subjects with higher versus lower socioeconomic status, we used the 75th percentile (SEI = 83.8) and the 25th percentile of SEI (SEI = 39.7) to represent the higher and the lower socioeconomic groups. In the thalamus, and the middle temporal gyrus on the left (z = 1), and the callosal splenium (z = 16), genetic contributions to the overall variation of FA were higher in the higher socioeconomic group. However, for some small regions in the anterior corona radiata (z = 16), the genetic variance proportion is higher in the lower socioeconomic group. The main effect of SEI on FA was not significant.
Fig. 5.
Intellectual performance is associated with the degree of genetic control on brain microstructure. These maps show that higher intellectual performance was associated with higher heritability in FA (n = 601, including 513 adults and 88 subjects of age 16). In subjects with higher FIQ, more than 80% of FA variability was genetically determined, in contrast to only around 40% for the lower IQ group, in the thalamus, the genu and posterior limbs of the internal capsule, and the superior corona radiata. These areas carry the corticobulbar and corticospinal tracts, and the coronal slices show the directions of motor tracts more clearly. The main effect of FIQ is not significant, i.e., no difference in FA between the two IQ groups was detected. Brain regions where the heritability of FA was modulated by an individual variable were displayed using a specific color for each variable. Higher white matter heritability was associated with younger age (adolescents), male sex, higher FIQ, and higher socioeconomic status, as shown in the previous figures. Broken arrows indicate linear association between two variables; here, higher FIQ is associated with male sex and higher SEI. Among these variables, the effect of intellectual performance on FA heritability is the most obvious and involves the thalamus and the posterior limbs of the internal capsule, where various sensory inputs are relayed and motor signals are conveyed. Although subjects' intellectual performance is affected by their sex and socioeconomic status, it is less likely that FIQ is a variable that is merely tracking sex and SEI, as the effect size of FIQ is greater than that of either sex or SEI. Alternatively, the modulatory effect of FIQ on heritability of FA may reflect the influences of some unknown environmental, family, or socioeconomic factors not yet explored in this study, or it may indicate that genetic components that underlie intellectual performance may facilitate the expression of genes that affect microstructural integrity in certain brain regions.
might be reasonable to expect that SES positively modulates the heritability of FA. As Turkheimer argues, each individual is more likely to achieve their genetic potential, when adverse environmental factors are reduced as far as possible.
White matter integrity was more heritable in subjects with better intellectual performance, in the white matter of the thalamus, and in the genu and posterior limbs of the internal capsule, that carry corticobulbar and corticospinal tracts. The thalamus is not merely a relay station for sensory input and motor control, it is also crucially involved in the interconnections between higher-order somatosensory cortices (Theyel et al., 2010) . Neurons in the corticospinal system control movements that require the greatest skill and flexibility (Martin, 2005) , and higher FA in the corticospinal tract is associated with higher IQ (Yu et al., 2008) . Even though our subjects' intellectual performance was associated with their sex and socioeconomic status, FIQ was not merely an intervening variable for sex and SEI, as the effect size to the FIQ × heritability interaction for white matter was greater than that of either sex or SEI. More likely, levels of intelligence per se may influence heritability of brain structures, and several mechanisms may contribute to this. First, learning and education may promote intellectual performance and also affect gene expression in the brain. For example, learning upregulated the mRNA expression of the brain-derived neurotrophic factor, BDNF, a growth factor that is essential for neuronal growth and cognitive function (Kesslak et al., 1998) . Second, since intellectual performance is highly heritable (Chiang et al., 2009b; Wright et al., 2001) , our findings may reflect epistasis between genes that influence intelligence and those controlling white matter integrity. Future genetic association studies may be able to test this hypothesis by identifying genes that show epistatic effects on FA and IQ. Genetic epistasis was implicated in a recent fMRI study, where epistasis between dopamine transporter (DAT) and catechol-O-methyltransferase (COMT) genes, both crucial in neurocognitive function, were found to influence brain activation during verbal cognitive tasks (Prata et al., 2009) . A third explanation for IQ effects on white matter heritability is gene-environment correlation, whereby genetic effects play an active role in modifying physical and social environments (Kendler and Baker, 2007) . Specifically, genes that influence brain white matter integrity may speed axonal conduction in the thalamus and corticospinal tract, and this may indirectly help those with higher IQ to take greater advantage of educational experiences that promote higher IQ. Lastly, assortative mating (Plomin and Spinath, 2004 ) may result in an FIQ × heritability interaction for FA. In general, people tend to choose a partner of a comparable level of intelligence (Mascie-Taylor, 1989) . As some of the positive correlation between intelligence and white matter microstructure is accounted for by partially overlapping sets of genes (Chiang et al., 2009b) , the proportion of high-IQ subjects who have these shared genes that affect both IQ and FA may be increased due to some degree of assortative mating within the higher-IQ subgroup of the population.
We found that higher FIQ was associated with higher heritability of FA in the thalamus, and this may raise questions as to whether thalamic FA measures reflect differences in gray rather than white matter, or some mixture of both. The thalamus is commonly considered as one of the deep gray matter structures, but it contains abundant myelinated fibers (Rinvik and Grofova, 1974) , and therefore FA in the thalamus may still reflect integrity and coherence of white matter fibers (Pfefferbaum et al., 2010; Qiu et al., 2009) . Moreover, the FAN 0.2 threshold we adopted here also helped to include thalamic regions that contain more white matter than gray matter tissues into analysis. Nevertheless, the thalamus is not a "pure" white matter structure and its aggregate FA may reflect some attenuation due to partial voluming of signals with those from gray matter components.
This study has some limitations. First, some regions with significant sex × heritability or SES × heritability interaction effects were detected at the edge of the white matter (e.g., at the border of the corpus callosum; see Figs. 3 and 4) . As such our results should be interpreted carefully, as they may be attributable not solely to differences in fiber microstructure, but also to possible differences in callosal size that have not been entirely removed by the nonlinear registration transformation. This is an issue shared by all brain mapping studies that attempt to spatially normalize homologous anatomy to a template, and is somewhat alleviated but not completely eliminated by using high-dimensional transformations. Second, the voxel dimensions of our DT images are somewhat anisotropic, and their in-plane resolution is greater than their out of plane resolution (1.8 × 1.8 × 5 mm 3 ). Because of this, before we derived maps of FA, the DT images were resampled to an isotropic voxel resolution, based on log-transformation to preserve the correct shape of the interpolated tensors (Arsigny et al., 2005) . Even so, we still cannot rule out that estimation of diffusion parameters might be biased by the partial volume effect. This may limit the degree to which comparisons can be made between tracts, in different brain regions, that are oriented along different axes (e.g., the corpus callosum vs. the corticospinal tract).
We treated age and intellectual performance (measured by FIQ) as categorical variables because even with our large sample size, the effect size (regions where modulatory effects of age on the heritability of white matter were significant) was much greater when age or FIQ was considered as a categorical variable than as a continuous one. As noted by Purcell (2002) , some moderators can be measured on a continuous scale, but it is also entirely reasonable that they act in a more discrete manner-in the case of IQ, some threshold or plateau effect of IQ may be observed, such that effects of a 10 point difference in IQ may differ depending on whether the IQ is very high or very low. Age and FIQ may be such moderators that their interaction effects on the heritability of white matter may be easier to detect using binary groupings. In some of our other studies of pediatric development, we used age and age squared as covariates, but it is not clear that this leads to a tenable model for people in their 20s, as the development processes occurring in late childhood and adolescence are not necessarily just faster versions of the processes that occur later in the 20s (and we know that growth and cortical thinning occur in different regions at these ages). As such, we preferred a less strongly parameterized model that differentiated adolescents versus adults using conventional definitions.
In conclusion, we reported the first maps to demonstrate influences of age, sex, SES and IQ on the heritability of brain fiber architecture. Although our findings were derived from a large sample with N =705 subjects, we must still interpret the findings cautiously, until they are replicated in independent large-sample studies. Even so, our findings may help to understand how genetics and environmental context both affect brain structure. Knowledge that genetic control is context dependent is also useful to guide the search for genetic polymorphisms that influence white matter integrity, realizing that their causal role may vary with environmental factors and with age.
